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GASTROENTEROLOGY 2002;123:679-688 



Mutations in N0D2 Are Associated With Fibrostenosing 
Disease in Patients With Crohn's Disease 

MARIA T. ABREU,* KENT D. TAYLOR,* YING-CHAO LIN,* TIEU HANG,* JOANNE GAIENNIE,* 
CAROL J. LANDERS,* ERIC A. VASILIAUSKAS,* LORI Y. KAM,* MICHA ROJANY,* 
KONSTANTINOS A. PAPADAKIS,* JEROME I, ROTTER ,* STEPHAN R. TARGAN,* and HUIYING YANG* 
♦Department of Medicine, Division of Gastroenterology, Inflammatory Bowel Disease Center, and 'Department of Pediatrics, Division of 
Medical Genetics, Steven Spielberg Pediatric Research Center, Bums and Alien Research Institute, Cedars-Sinai Medical Center, 
Los Angeles, California 



Background & Aims : The clinical manifestations of 
Crohn's disease (CD) are diverse, ranging from fibroste- 
nosing small-bowel disease to colon-predominant in- 
flammation. These distinctions may represent genetic, 
immunologic, and microbial heterogeneity. N0D2 gene 
mutations in CD have been described recently and may 
alter innate immune responses. We hypothesized that 
NOD2 mutations may be associated with distinct phe- 
notypic expressions of CD. Methods : Two cohorts of 
consecutively identified patients referred to an" inflam- 
matory bowel disease center (n = 142 collected be- 
tween 1993 and 1996; n - 59 collected between 1999 
and 2001) were genotyped for 3 single nucleotide vari- 
ants of NOD2-R675W, G881R, and 3020insC-and 
phenotyped for disease behavior, disease location, and 
serum immune markers. Results : Univariate analysis 
showed that CD-associated N0D2 variants were signifi- 
cantly associated with fibrostenosing disease in each 
cohort (P = 0.049 and P = 0.002, respectively). When 
both cohorts were analyzed together, the association 
between NOD2 variants and fibrostenosing disease was 
more significant (P - 0.001). These relationships were 
observed in both Jews and non-Jews. Forty-six percent of 
patients with fibrostenosing disease carried at least 1 of 
these alleles, compared with only 23.5% of patients 
without fibrostenosing disease (odds ratio, 2.8; 95% 
confidence interval, 1.6-5.2). Multivariate and condi- 
tioning analyses showed a primary association between 
N0D2 allelic variants and fibrostenosing disease, but not 
with small-bowel disease. Conclusions : In this descrip- 
tion of a genotype/phenotype correlation in CD patients 
and N0D2 variants, data suggest that variation in this 
gene contributes to the occurrence of fibrostenotic CD of 
the small bowel. 

/Crohn's disease (CD) is a phenocypically heteroge- 
A^ngpus disorder wich diverse clinical manifestations. 
It -may be characterized at multiple levels. Clinicians 
have characterized CD on the basis of the location of the 
disease (i.e., small bowel, colon, or both) or on the basis 



of complications of the disease (i.e., scricturing or perfo- 
rating). 1 - 5 CD may also be classified by the.expression of 
serum immune markers such as znti-Saccbaromyces cerevi- 
siae antibody (ASCA) and perinuclear antineutrophil cy- 
toplasmic antibody (pANCA) 2 - 4 or by response to ther- 
apy, e.g., steroid dependent or infliximab responsive. 5 " 7 
At the root of these disparate clinical manifestations lies 
an interplay of genetic, immunologic, and possibly mi- 
crobial factors that culminates in distinct phenotypic 
expressions of the disease. 

Animal models have provided novel insights into the 
pathogenesis of human inflammatory bowel disease 
(IBD) and identified candidate immunologic pathways 
that result in intestinal inflammation. These studies have 
also highlighted the need for commensal bacteria to 
unleash the host susceptibility. 8 - 12 Among the abnor- 
malities identified in patients with CD is the finding of 
immunologic reactivity toward the individual's micro- 
bial flora, whereas healthy controls are immunologically 
tolerant to the indigenous flora. 13 Thus, IBD may result 
from an abnormal mucosal immune response to commen- 
sal bacteria or unidentified pathogens. 

Sensing of bacterial products by the innate immune 
system is mediated by a family of receptors, toll-like 
receptors (TLRs), which activate the transcription factor 
nuclear factor kB (NF-kB) in response to pathogen-, 
associated molecular patterns such as lipopolysaccharide 
(LPS). TLR4 is required for recognition of LPS. 14-17 We 
have recently described that intestinal epithelial cells 



Abbreviat/ons used in t h/s paper: ASCA, antl-Saccharomyces cereW- 
s/ae antibody; CI, confidence Interval; ELISA, enzyme-linked immu- 
nosorbent assay; EU, ELISA units; LPS, lipopolysaccharide; NF-kB; 
nuclear factor kB; OR, odds ratio; pANCA, perinuclear antineutrophil 
cytoplasmic antibody; SNP, single nucleotide polymorphism; TLR, toll- 
like receptor; UC, ulcerative colitis. 
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express low levels of TLR4 and are LPS unresponsive, 18 
suggesting that one mechanism by which the mucosal 
immune system is protected against chronic inflamma- 
tion is down-regulation of TLR signaling molecules. 
Ogura et al. iy have recently identified the N0D2 gene. 
Its protein product is a member of the Apaf-1/Nodl 
family of caspase-recruitment domain— containing pro- 
teins and is homologous to disease-resistance genes found 
in plants. 2 " N0D2 is expressed by monocytes and acti- 
vates NF-kB in response to LPS. Several recent studies 
have identified a frameshift mutation in N0D2 
(3020insC) in patients with CD that results in a 33- 
aminoacid truncation of the protein. 21-23 The frameshift 
mutation and an additional polymorphism of N0D2 
associated with CD are located in the leucine-rich region 
of the gene, suggesting that these rare alleles may afFect 
the ability of NOD2 to interact with other intracellular 
proteins. Expression of this truncated mutant of N0D2 
in 293T cells dampens NF-kB activation in response to 
LPS. 22 Since the original identification of 3 allelic vari- 
ants of N0D2 associated with CD, mutational analysis in 
453 patients with CD has identified an additional 27 rare 
mutations that account for 19% of all N0D2 muta- 
tions. 24 More than 90% of all the Crohn Vassociated 
N0D2 mutations are located in the distal third of the 
gene, suggesting that these may also affect the function 
of N0D2 with respect to bacterial recognition and sig- 
naling. Patients with a related syndrome, Blau's syn- 
drome, characterized by granulomatous inflammation, 
have distinct mutations in N0D2 within the nucleo tide- 
binding domain of the gene. 25 These data support the 
notion that innate immunity is altered in patients with 
CD, resulting in abnormal immune responses to com- 
mensal or pathogenic bacteria. 

We have previously described that the serum immune 
markers pANCA and ASCA are associated with distinct 
clinical phenotypes of CD. 2 - 5 Studies have shown that 
these antibodies recognize bacterial or yeast pathogen- 
associated molecular patterns. 26 " 29 Because N0D2 regu- 
lates responses to bacterial products in monocytes, we 
hypothesized that carriage of N0D2 mutants may be 
associated with specific clinical phenotypes of CD. The 
results of our studies reported herein show that muta- 
tions in N0D2 occur more frequently in patients with 
stricturing, i.e., fibrostenotic, CD of the small bowel. 
Similar phenotypic findings have recently been described 
in 2 large European cohorts. 24 - 30 The data in our report 
strengthen this association and extend it to an American 
population. These results have important implications 
for the identification of host/microbial interactions that 
result in stricturing complications of CD. 



RflatteriaDs and Fffl thods 
Human Subjects 

Two cohorts of patients were examined in this study. 
Both cohorts were consecutively identified as CD patients from 
an IBD referral center (Cedars-Sinai Medical Center Inflam- 
matory Bowel Disease Center). The first cohort (n = 142) was 
ascertained between 1993 and 1996 and has been previously 
described. 2 The second cohort (n - 59) was collected between 
1999 and 2001. Thus, the study population consisted of 201 
consecutively ascertained patients evaluated by the Cedars- 
Sinai Medical Center Inflammatory Bowel Disease Center, 
with an established diagnosis of CD. A cohort of 175 patients 
with ulcerative colitis (UC) was used as an inflammatory 
disease control group. This study was reviewed and approved 
for human subject participation by the Cedars-^Sinai Institu- 
tional Review Board and permitted the collection of clinical, 
serological, and genetic data from patients consenting to the 
study. Diagnosis of CD was defined by the presence of a 
combination of established features from at least 2 of the 
following categories: (1) clinical — perforating or fistulizing 
disease, obstructive symptoms secondary to small-bowel ste- 
nosis, or stricture; (2) endoscopic — deep linear or serpiginous 
ulcerations, discrete ulcers in normal-appearing mucosa, cob- 
blestoning, or discontinuous or asymmetric inflammation; (3) 
radiographic — segmental disease (skip lesions), small-bowel or 
colon strictures, stenosis, or fistuiae; or (4) histopathologic — 
submucosal or transmural inflammation, multiple granulomas, 
marked focal cryptitis, or focal chronic inflammatory infiltra- 
tion within and between biopsies, or skip lesions, including 
rectal sparing in the absence of local therapy. 

Phenotypic Analyses 

Patients with CD were characterized as having fibro- 
sienosing disease, internal-perforating disease, perianal fistu- 
lizing disease, or UC-like disease on the basis of previously 
described criteria. 1 - 1 *'* 1 Briefly, pacients were considered co 
have fibrostenosing disease if they had documented persistent 
intestinal obstruction or required an intestinal resection for an 
intestinal obstruction. Internal perforating disease was re- 
corded if patients had current or previous evidence of entero- 
enteric or entero-vesicular fistuiae, intra-abdominal abscesses, 
or small-bowel perforation. Perianal perforating disease was 
recorded if patients had current or previous evidence of either 
perianal fistuiae or abscesses or rectovaginal fistuiae. Finally, 
UC-like disease was recorded if patients had current or previ- 
ous evidence of left-sided colonic involvement, symptoms of 
bleeding or urgency, and crypt abscesses on colonic biopsies, as 
previously described.- 4 Disease location was classified as small 
bowel, colon, or both on the basis of endoscopic, radiological, 
or pathologic studies. A panel of IBD physicians (M.T.A., 
E.A.V., L.Y.K., JCA.P., and S.R.T.) masked to the resulcs of 
serological or genetic testing reached a consensus on phenotype 
on the basis of the clinical data. 
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Table 1. Primers and Probes 



SNP 



PCR 



Forward primer 



Reverse primer 



TaqMan probes 



5 5'-GGG TGG CTG GGC TCT TCT-3' 

8 5'-GGC GGG ATG GAG TGG AA-3' 

12 5'-CCA CCT CAA GCT CTG GTG ATC-3' 

13 5'-CCT TAC CAG ACT TCC AGG ATG GT-3' 



5'FAM-CAT GGC TGG ACC C-MG8NFQ 
5'TET-CAT GGC TGG ATC C-MGBNFQ 
5'FAM-TGC TCC GGC GCC A-MGBNFQ 
5'TET-CTG CTC TGG CGC CA-MGBNFQ 
5'FAM-CTG TGT TGC CCC AGA A-MGBNFQ 
5'TET-CTC TGT TGC GCC AGA-MGBNFQ 
5'-TGT CCA ATA ACT GCA TCA CCT ACC T-3' 5TAM<JCT TTC AAG GGG CCT-MG8NFQ 

5-TET-CTT TCA AGG GCC TGC-MGBNFQ 



5'-CTC GCT TCC TCA GTA CCT ATG ATG-3' 
5'OTG GCT GAG TGC CAG ACA TCT-3' 
5'-GTT GAC TCT TTT GGC CTT TTC AG-3' 



Genotyping 

By use of the software PrimerExpress 1.5 (PE Biosys- 
tems, Foster City, CA), the sequence information found in 
dbSNP (http://www.ncbi.nlm.nih.gov) for the N0D2 R675W, 
G881R, and 3020insC mutations (also referred to as single 
nucleotide polymorphisms [SNP] 8, 12, and 13), 21 as well as 
SNP 5, the background allele for these mutations, was used to 
design genotyping assays with 5'-exonuclease technology, 32 
also known as the TaqMan MGB assay (PE Biosystems). The 
MGB design adds a "minor groove binder" to the 3' end of the 
TaqMan probes that increases the binding temperature of the 
probe and thus enables shorter probes to be used than in 
conventional TaqMan assays.* 3 This has the effect of increasing 
the discrimination between the alleles in the assay. 14 Assays 
were performed by following the manufacturer's recommenda- 
tions (PE Biosystems bulletin 4317594) in an ABI 7900 
instrument. Genotyping was performed blinded' to clinical 
status of the subjects (Table 1). 

Serological Analyses 

Serum ANCA expression and ANCA subtype charac- 
terization were performed by fixed neutrophil enzyme-linked 
immunosorbent assay (ELISA) as previously described. 35 
Briefly, human peripheral blood neutrophils fixed with meth- 
anol were reacted with control and coded sera at a '1:1 00 
dilution. Anti-human immunoglobulin G (IgG) (7 chain- 
specific) antibody (Jackson Immunorcsearch Labs, Inc., West 
Grove, PA) conjugated to alkaline phosphatase was added to 
label neutrophil-bound antibody, and a colorimetric reaction 
was performed. Levels were determined relative to a standard 
consisting of pooled sera obtained from well-characterized 
pANCA* UC patients. Results were expressed as ELISA units 
(EU) per milliliter. ANCA + sera were further. subtyped via 
indirect immunofluorescent staining to determine the ANCA 
neutrophil binding pattern, as previously described. 35 Sera 
showing the characteristic perinuclear highlighting and losing 
its characteristic staining pattern when treated with deoxyri- 
bonuclease were termed pANCA*.* 6 For the purposes of this 
study, patients were considered pANCA 4 if they were both 
^O^tive'for ANCA by-ELISA and lost perinuclear immuno- 
fluorescence staining with deoxyribonuclease treatment. 

Sera were analyzed for ASCA expression in a blinded fashion 
by using a fixed ELISA assay. 2 - 37 Two patients in the second 



cohort did not undergo ASCA testing. High-binding polysty- 
rene microti ter plates were coated with purified phosphopep- 
tidomannans extracted from yeast S. uvarum, a subspecies of S. 
cerevisiae. Coded patient sera were diluted and added to the 
wells, followed by an enzyme-linked colorimetric reaction. 
Color development was proportional to. concentrations of an- 
tibody present in the sera. Levels were determined and results 
expressed as EU per mi lli liter, relative to a standard, which 
was derived from a pool of patient sera with well-characterized 
CD found to have reactivity to this antigen. Sera showing 
ASCA IgG reactivity of >40 EU/mL or IgA reactivity of >20 
EU/mL were termed ASCA + . Serological assays were per- 
formed at Cedars-Sinai Medical Center and Prometheus Lab- 
oratories (San Diego, CA) by using identical methodology. 

Statistical Analyses 

To identify clinical features and immunologic traits 
that are associated with allelic variants of the N0D2 gene, our 
study was designed to analyze 2 consecutively ascertained 
cohorts of patients with CD. The first cohort was used to 
explore the relationship of N0D2 alleles to an array of clinical 
and serological variables and generate hypotheses. The second 
cohort was then used to confirm the specific hypotheses gen- 
erated. from analysis of the first cohort. To minimize the type 
I error and to maximize the statistical power, we permitted the 
significance of the associations in the first cohort to be less 
stringent (P < 0.1) and used the second, independent cohort 
to confirm the associations identified in the first cohort (P < 
0.05). By avoiding a highly stringent correction for the num- 
ber of variables examined in the first cohort, this strategy has 
the advantage of increasing the power to identify specific 
associations between N0D2 and clinical variables, especially 
because some of these traits are known to be associated with 
each other (e.g., small-bowel involvement and ASCA expres- 
sion). 

Because the 3 rare alleles are independently associated with 
CD, 21 we analyzed each of them individually as well as com- 
bined. Statistical analysis was performed with SAS computer 
software (Version 6.10; SAS Institute, Inc., Cary, NC). 3a 
Quantitative variables are described as median (range) 
throughout. Nonparametric statistical tests were used to test 
differences of quantitative variables between 2 groups. The x 2 
or Fisher exact test (when the expected number was <5) was 
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used to evaluate associations between carriers and noncarriers 
of the rare alleles or between genotypes and categorical vari- 
ables, such as type of IBD, disease location, disease behavior, 
and antibody positivity. Multivariate analysis was performed 
with the logistic regression model to test the association 
between genotypes and phenotypic variables that were signif- 
icantly associated with N0D2 variants from the univariate 
analyses. In addition, the Mantel-Haenszel stratified associa- 
tion test was performed for genotype and phenotype associa- 
tions by controlling for potential confounding effects due to 
ethnic variation.* 9 This stratified association test was also used 
to show whether the association between NOD2 variants and a 
phenotype (e.g., fibrostenosing disease) was primary or second- 
ary to other related phenocypes (e.g., small-bowel involve^ 
menr). 

Patients With Crohn's Disease Have an 
Increased Frequency of Rare. Allelic 
Variants of NOD2 

An association between CD and allelic variants of 
N0D2 has been previously described. 21 " 23 All 3 studies 
identified an association between CD and an insertion 
polymorphism in N0D2, 3020insC or. 980fs (SNP 13), 
but only the Hugot et al. study 21 further identified 2 
missense mutations, R675W (SNP 8) and G881R (SNP 
12). We first wished to determine whether our North 
American CD referral patient population exhibited sim- 
ilar allelic variants of N0D2 and could serve as a relevant 
population in which to study differences in phenotypic 
expressions associated with N0D2 variant alleles. To 
address this question, cohort 1 (hypothesis generating) 
and cohort 2 (hypothesis confirming) (see Materials and 
Methods) were genotyped for all 3 variants — R675W 
(SNP 8), G881R (SNP 12), and 3020insC (SNP 13). The 
clinical characteristics of these 2 CD cohorts are shown in 
Table 2. In general, the first cohort had a higher per- 
centage of patients with perforating and fibrostenotic 
complications of disease. These differences may be due to 
availability of improved therapy for CD in the second 
cohort or more severe CD in the first cohort. A cohort of 
UC patients was used as an inflammatory disease control 
group. Each of the 3 allelic variants of N0D2 was sig- 
nificantly more frequent in patients with CD compared 
with UC (Table 3). As can be seen in Table 3, the 
frequency of each of the N0D2 variants was extremely 
similar in each cohort of CD patients, supporting their 
combined use in the final analysis. The overall frequency 
^oj^arriage of any N0O2 allelic variant was 35% in CD 
patients, compared with 11% in UC patients (P = 
0.001), Within the combined CD cohort, the frequency 
of homozygotes with the 3020insC mutation and of 
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Table 2. Clinical Characteristics of CD Cohorts 







Cninnrt O 




Clinical chararfp*ri<;tir 


tn a 142) 


(n = 59) 


p 


Sex (M/F) 


79/63 


33/26 


0.969 


Age of onset (yr) 


22 (4-67) 


22 (2-58) 


0.6621 


Ethnicity (Jew/non-Jew) 


60/82 


23/36 


0.668 


Disease location (K) 








Small bowel only 


19.0 


26.4 


0.496 


Colon only 


20.4 


20.8 




Small bowel and colon 


60.6 


52.8 




Perianal perforating (96) 


35.9 


28.8 


0.332 


Internal perforating (36) 


47.2 


23.7 


0.002 


Fibrostenosing disease {%) 


59.9 


30.5 


0.001 


UC-like («) 


39.4 


22.0 


0.018 


pANCA positive (%) 


19.7- 


12.5 


0.295 


ASCA positive (%)* 


57.0 


38.6 


0.019 



• Two patients in the second cohort did not undergo ASCA testing. 

compound heterozygotes was 1% and 4%, respectively, 
whereas none of the UC patients Had such a genotype. 
We conclude from these data that allelic variants of 
N0D2 are associated with CD across diverse geographic 
and ethnically defined patient populations. 

Mutations of NOD2 Are Associated With 
Fibrostenosing Crohn's Disease 

Patients with CD express diverse clinical pheno- 
types that may be due to differences in underlying ge- 
netic factors. We hypothesized that mutations in N0D2 
may be associated with specific CD-related clinical phe- 
notypes. We further hypothesized that mutations in 
N0D2 may be associated with specific CD-related serum 
immune markers. To test these hypotheses, we per- 
formed univariate analyses evaluating the association be- 
tween NOD2 allelic variants and predefined clinical char- 
acteristics, including age of onset, disease location, and 
disease phenotype (i.e., fibrostenosing disease, internal 
perforating disease, perianal fistulizing disease, or UC- 
like disease). Additionally, we tested the association be- 
tween N0D2 allelic variants and expression of the serum 
immune markers ASCA and pANCA. Univariate analy- 
sis showed that the CD-related N0D2 variants were 
significantly associated with fibrostenosing disease in 
cohort 1 (P = 0.049) for the 3 allelic variants combined 
(Table 4). A positive association at a less stringent sig- 
nificance level (P < 0.1) was also observed with small- 
bowel involvement and younger age of onset, and a 
negative association was observed with UC-like disease 
in this cohort. With respect to serological markers, pa- 
tients with the insertion mutation 3020insC were more 
likely to express ASCA (P = 0.053). 

Based on our data in the first cohort, we hypothesized 
that NOD2 variants were positively associated with fi- 
brostenosing Crohn's disease, small bowel involvement, 



September 2002 "002 IS ASSOCIATED WITH FIBROSTENOSING CD 683 



Table 3. frequency of N0D2 Allelic Variants in 2 Cohorts of Patients With CD (CD1 and CD2) and Ulcerative Colitis 



UC CDl 
Allelic variant (n = 175) <n = 142) 



R675W (SNP 8) 5.7% 16.9% 

G881R (SNP 12) 1.7% 12.0% 

3020insC {SNP 13) 3.4% 11.3% 

Carriage of any allelic variant 10.9% 36.6% 



ASCA positivicy, and younger age of onset and nega- 
tively associated with UC-like disease. In cohort 2, we 
tested these specific hypotheses generated from cohort 
1. As with cohort 1, cohort 2 demonstrated a signif- 
icant association between NOD2 allelic variants and 
fibrostenosing disease (P — 0.002, with Bonferronl 
correction P « 0.01) (Table 4). When the 2 cohorts 
were analyzed together, the association between 
NOD2 variants and fibrostenosing disease was even 
more significant (P = 0.001) (Figure 1). These rela- 



CD2 


Combined CD 


P 


(n » 59) 


(n « 201) 


(UC vs. combined CD) 


15.3% 


16.4% 


0.001 


10.2% 


11.4% 


0.0001 


11.9% 


11.4% 


0.004 


32.2% 


35.3% 


0.001 



tionships were observed in both Jews and non-Jews. 
Approximately 46% of CD patients with fibrostenos- 
ing disease (Jews 52% vs. non-Jews 42%) have at least 
one of these rate alleles compared with only 23% 
(Jews 21.6% vs. non-Jews 25%) of CD patients with- 
out fibrostenosing disease (OR, 2.8; 95% CI, i.56- 
5.18) (Figure 1). Of the 3 rare alleles, the frameshift 
mutation, 3020insC, demonstrated the greatest asso- 
ciation with fibrostenosing disease (47% vs. 17%, P 
for cohorts combined = 0.006). 



Table 4. Relationship of N0D2 Allelic Variants and Clinical Phenotypes of CD in Cohort 1 

~~ Qualitative trait %N0D2 variant carriers 



R675W G881R 3020insC Carriage of any 
Clinical phenotype . n (SNP 8) (SNP 12) (SNP 13) allelic variant 



Small-bowel involvement 



Yes 


113 


19.5% 


11.5% 


14.2% 


40.7% 


No 


29 


6.9% 


13.8% 


0.00% 


• 20.7% 


P 




0.081 


0.494 


0.04 


0.063 


Perianal perforating 










35.3% 


Yes 


51 


11.8% 


11.8% 


13.7% 


No 


91 


19.8% 


12.1% 


9.9% 


37.4% 


P 




0.248 


0.839 


0.547 


0.747 


Internal perforating 










37.3% 


Yes- 


67 


13.4% 


16.4% ' 


11.9% 


No 


75 


20-0% 


8.0% 


10.7% 


36.0% 


P 




.0.346 


0.178 


0.91 


0.96 


Fibrostenosing 










• 43.5% 


Yes 


85 


18.8%. 


14.1% 


15.3% 


No 


57 


14.0% 


8.8% 


5.3% 


26.3% 


P 




0.389 


' 0.458 


0.084 


0.049 


UC-like 












Yes 


56 


17,9% 


10.7% 


5.4% 


30.4% 


No 


86 


16.3% 


12.8% 


15.1% 


40.7% 


P 




0.822 


0.736 


0.076 


0.22 


pANCA positive 












Yes 


28 


17.9% 


14.3% 


7.1% 


32.1% 


No 


114 


16.7% 


11.4% 


12.3% 


37.7% 


p 




0.82 


0.793 


0.394 


0.529 


ASCA positive 












Yes . 


81 


18.5% 


9.9% 


16.1% 


38.3% 


No 


61 


14.8% 


14.8% 


4.9% 


34.4% 


P 




0.467 


0.234 . 


, 0.053 


0.744 



Quantitative trait, median (range) 



Age of onset {yr) 
<5^*?t- Carrier of NOD2 variant 

~Yfes 22 (6-67) '22 (4-62) 19 (10-50) 20 (4-67) 

No 22(4-63) 22(4-67) 22 <4-67) 22(4-63) 

P 0.715 0.937 ' 0.074 0.238 
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Cohort 1 Cohort 2 Combined 

CD 

Figure 1. Rare allelic variants of N0D2 are associated with fibroste- 
nosing Crohn's disease. Two cohorts of Crohn's disease patients 
were genotyped for 3 allelic variants of NOD2. Carriage of these allelic 
variants was more frequent in Crohn's disease patients with fibroste- 
nosing disease (^) compared with those who did not have fibroste? 
nosing disease (■). 



We next analyzed the risk of fibrostenosing disease in 
CD patients carrying homozygous mutations or com- 
pound heterozygous mutations in NOD2. Compared 
with patients who-were not carriers oiN0D2 mutations, 
patients who were carriers of 2 mutations in NOD2 were 
significantly more likely to have fibrostenosing disease 
(85% vs. 43%; odds ratio [OR], 7.4; 95% confidence 
interval [CI], 1.9-28.9; P = 0.004) (Figure 2). Patients 
who were carriers of a single N0D2 mutation were also 
significantly more likely to have fibrostenosing disease 
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/ 2A 
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Number of mutant NOD2 alleles 

Figure 2. Frequency of fibrostenosing complications in patients with 
N0D2 allelic variants. On the basis of genotyping for the 3 rare alleles 
%$LN0D2. patients could be described as carrying 0, 1, or 2 rare 
alietes (x axis). The left y axis shows the frequency of fibrostenosing 
complications (•); *P = 0.008, **P = 0.004 compared with 0 
alleles. The right / axis shows the odds ratio (♦), with 95% confidence 
intervals in parentheses. 
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Figure 3. Comparison of N0D2 allelic frequencies in patients with 
fibrostenosing disease compared with perforating disease. Patients 
were separated by the presence of fibrostenosing disease with {Fib + 
perf) or without (Fib only) perforating complications and compared 
with patients with perforating complications and without evidence of 
fibrostenosis (Perf only). Patients with evidence of fibrostenosis were 
significantly more likely than those with purely perforating disease to 
carry NOD2 allelic variants in each of the cohorts and in the combined 
cohorts. 



when compared with patients who were not carriers of 
N0D2 mutations (64% vs. 43%; OR, 2.37; 95% CI. 
1.26-4.47; P = 0.008). The patients with fibrostenos- 
ing disease in these 2 cohorts could be characterized as 
having only fibrostenosing disease or both fibrostenosing 
and perforating disease, because these 2 phenotypes often 
occur in the same patient. The percent of N0D2 variants 
in patients with fibrostenosing disease only was 48.3%, 
which was similar to that seen in patients with both 
fibrostenosing and perforating complications (46.0%; 
P = 0.8). When we compared patients with fibrostenos- 
ing disease with those patients described as having per- 
forating disease only (perianal or internal), the percent- 
age of carriage of N0D2 allelic variants in patients with 
fibrostenosing disease (with or without perforating com- 
plications) (46.6%) was much greater than that seen in 
patients with only perforating complications (18.6%; 
P = 0.002) (Figure 3). 

Studies performed on large European cohorts of CD 
patients have shown an association between carriage of 
N0D2 allelic variants and small-bowei involvement 3 "- 40 
and a negative association with colonic involvement 24 
and younger age of onset. 2430 In our cohorts, a trend 
toward small-bowel involvement was seen in the first 
cohort (40.7% vs. 20.7%) (Table 4) and again in the 
second cohort (35.7% vs. 23.5%) (Table 5). When the 2 
cohorts were analyzed together, small-bowel involve- 
ment was found to be significantly associated with car- 
riage of N0D2 variants (39.4% vs. 21.7%; P = 0.036). 
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Table 5. Relationship of N0D2 Allelic Variants and Clinical Phenotypes of CD in Cohort 2 ■ 

Qualitative trait %N0D2 variant carriers 

R675W G881R 3020insC Carriage of any 



Clinical phenotype 


n 






I CMP 1 0\ 


allslic vans 


Fibrostenosing 










61.1% 


Yes 


18 


22.2% 


22.2% 


27.8% 


No 


41 


12.2% 


4.9% 


4.9% 


19.5% 


P 




0.315 


0.048 


0.018 


0.002 


Small-bowel involvement 












Yes 


42 


19.1% 


9.5% 


14.3% 


35.7% 


NO 


17 


5.9% 


11.8% 


5.9% 


23.5% 


P 




0.22 


0.828 


0.288 


0.354 


UC-like 












Yes 


13 


7.7% 


15.4% 


7.7% 


23.1% 


No 


46 


17.4% 


8.7% 


13.0% 


34.8% 


P 




0.399 


0.489 


0.593 


0.432 


ASCA positive 






13.6% 






Yes 


22 


9.1% 


13.6% 


31.8% 


No 


35 


17.1% 


8.6% 


11.4% 


31.4% 


P 




0.4 


0.542 


0.735 


0.956 



Quantitative trait, median {range) 



26 (7-33) 17 (13-35) 22 (7-58), 

20(2-58) 24(2-58) 22(2-55) 

0.9 0-566 0.981 



Age of onset (yr) 
Carrier of N0D2 variant 

Yes 27 (10-58) 

No 19 (2-55) 

P 0.332 



As expected, a negative trend was seen between carriage 
of N0D2 variants and UC-like CD for the cohorts com- 
bined (OR, 0.37; 95% CI, 0.12-1.09; P'= 0.071). The 
second cohort did not, however, show an association 
between N0D2 variants and ASCA positivity. In addi- 
tion, although the younger age of onset seemed to be 
associated with the 3020insC allele of N0D2 in the first 
cohort (P = 0.074), this association was not significant 
in the second cohort. In the combined CD cohorts, this 
association showed a borderline significance (P = 0.062). 
In multivariate analysis, all variables with at least bor- 
derline significance (P < 0.1) in either cohort were tested 
simultaneously for their association with N0D2 allelic 
variants by using logistic regression. As shown in Table 
6, the only phenotype that was significantly associated 

Table 6. Multivariate Analysis in trie Combined Cohort for 5 



Phenotypic Variables 



Clinical phenotypes 


OR 


95% CI 


P 


Fibrostenosing disease 


2.8 


1.3-6.0 


0.011 


Small bowel involvement 


1.3 


0.5-3.4 


0.561 


UC-like 


0.9 


0.4-1.7 


0.658 


ASCA positive 


0.7 


0.3-1.3 


0.250 


Age of onset 


1.0 


0.9-1.0 


0.874 



>(S ^ CS _ — 

NOT;E.Multivariate analysis was performed for the 5 phenotypes that 
demonstrated an association by univariate analyses. Of the variables 
tested, only fibrostenosing disease demonstrated an independent 
association with N0D2 allelic variants. 



with N0D2 (P < 0.05) was fibrostenosing disease (OR, 
2.8; 95% CI, 1.3-6.0). In summary, these data show 
that fibrostenosing disease is independently associated 
with N0D2 allelic variants regardless of ethnic back- 
ground and other clinical phenotypes. 

Because fibrostenosing disease is more likely to 
occur in patients with small-bowel involvement, we 
stratified patients on the basis of small-bowel involve- 
ment to further address the primary association be- 
tween fibrostenosing disease and N0D2 variants. 
Among patients with small-bowel involvement, 
26.4% of patients who did not have fibrostenosing 
disease (n = 53) had a N0D2 variant, whereas a much 
greater percentage (46.1%) of patients who had fibroste- 
nosing disease (n = 102) had a N0D2 variant (P = 
0.017). A similar trend was observed among patients 
without small-bowel involvement (P = 0.05), and the » 
combined analysis conditioning on smali-bowel involve- 
ment yielded a significance level of 0.009. However, after 
controlling for fibrostenosing disease, small-bowel in- 
volvement was not associated with NOD? variants (P = 
0.63). This result agrees with the results from the logis- 
tic regression analysis and suggests that the association 
between fibrostenosing disease and NOD 2 variants is 
independent of small-bowel involvement, but the ob- 
served small-bowel association with N0D2 is secondary 
to the presence of fibrostenosing disease. 
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CD is a multigenic disorder with diverse clinical 
manifestations. Several population-based studies have de- 
scribed an association of N0D2 gene mutations in 
CD. 21 -* 23 This study describes a genotype/phenotype as- 
sociation for N0D2 allelic variants in CD. Specifically, 
we describe an association between the presence of N0D2 
mutations and small-bowel stricturing CD. Both the 
genetic association and its phenotypic association with 
fibrostenosis was observed in Jews and non-Jews with 
similar frequency. Our findings are consistent with those 
of Lesage et al. 24 and Ahmad et al., 50 who described a 
genotype/phenotype association between N0D2 variants 
and fibrostenosing disease in 2 large series of European 
patients. The Ahmad et al. study did not, however, find 
an association between N0D2 variants and fibrostenosing 
disease that was independent of an association with 
small-bowel disease. 30 The finding of a CD subtype in 
patients carrying N0D2 mutations provides biological 
evidence for the N0D2 gene in the pathogenesis of CD 
and lends further support for N0D2 as a CD suscepti- 
bility gene. Alternatively, these findings may be due to 
the effect of a neighboring gene in linkage disequilib- 
rium with N0D2. The N0D2 gene is also the first that 
has been described to be associated with fibrostenosing 
CD. Basic and translational studies will need to explore 
. whether CD-associated N0D2 mutations directly alter 
the path to fibrogenesis in response to small-bowel in- 
flammation. 

In designing this study, we explored a variety of 
previously described clinical phenotypes within CD 2,3 
and their association with N0D2 allelic variants. A major 
strength of our study lies in the ability to analyze 2 
independent cohorts of CD patients with similar carriage 
of N0D2 allelic variants. By setting a less stringent 
significance level in the first cohort, we were able to 
increase our power to detect clinical associations with 
NOD 2 mutations. The second cohort was then used to 
confirm .the associations found in the first cohort and 
reduce type I error. The consistency of the N0D2 genetic 
and phenotypic association in our cohorts, as well as in 
the European cohorts, 24 - 30 speaks strongly to the specific 
role of N0D2 mutations in the development of fibroste- 
nosing complications. Recently, other groups have de- 
scribed that N0D2 mutations are associated primarily 
with ileal disease. 24,3,, - 4w In our conditioning analysis, 
carriage of N0D2 mutations was no more likely in 
■d^tpatients with small^bowel involvement without strictur- 
ing- Complications (26.4%) than in CD overall. By con- 
trast, patients with small-bowel involvement and stric- 
turing complications were significantly more likely to 



have carriage of N0D2 allelic variants (46.1%; P = 
0.017). We, therefore, believe that mutations in N0D2 
are not associated just with small-bowel involvement, 
but rather with the subset of patients whose small-bowel 
disease becomes fibrostenotic. Other groups have also 
identified a younger age of onset in patients with N0D2 
mutations. 24 * 30 Although we did not find a similar asso- 
ciation, it is likely that our study did not have the power 
to detect this smaller association. 

In addition to showing an association between N0D2 
mutations and fibrostenosis, our data show that N0D2 
mutations are not associated with perforating complica- 
tions of CD. Indeed, even in patients who can be de- 
scribed as having both fibrostenotic complications (e.g., 
small-bowel obstruction) and perforating complications 
(e.g., perianal fistula), these patients are genetically sim- 
ilar to those with fibrostenosis only (Figure 3). These 
data suggest that NOD2 contributes to the pathogenesis 
of fibrostenosis regardless of other superimposed compli- 
cations, such as perforations. Little is known about the 
genetic or immunologic factors resulting in fibrostenosis 
in CD. Compared with Crohn's patients requiring sur- 
gery for perforating complications of the disease, patients 
with fibrostenotic disease have a longer interval between 
surgeries. 31,41,42 . Studies have shown that fibroblasts iso- 
lated from strictures of patients with CD produce sig- 
nificantly more type III collagen than fibroblasts isolated 
from nonstrictured CD lamina propria. 43 * 44 Collagen pro- 
duction by intestinal fibroblasts is regulated by trans- 
forming growth factor pi, transforming growth factor 
(J2,. platelet-derived growth factor, and interleukin 
X 45.46 \j$r e have previously described that high levels of 
ASCA and expression of both igG and IgA subtypes are 
highly associated with fibrostenosing disease and multi- 
ple surgeries. 2 ASCA is itself a heritable trait and is 
expressed by unaffected family members of ASCA + CD 
patients. 4,47 Linkage studies have shown that ASCA lev- 
els are linked with the major histocompatibility complex 
on chromosome 6, but not with the IBD1 locus (N0D2 
gene region) on chromosome l6. 4a Because fibrostenos- 
ing disease occurs more commonly in the small bowel 
and is associated with the serum immune marker ASCA, 2 
we examined the association of N0D2 mutations with 
ASCA positivity. We did not identify a significant 
association between N0D2 variants and expression of 
ASCA. These data are consistent with our previous 
negative linkage results with the IBD1 locus 48 and 
suggest that the factors downstream of N0D2 that 
result in fibrostenosis are distinct from those resulting 
in ASCA positivity. 
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In vitro studies have shown that expression of the 
truncated mutant of N0D2 (3020insC or 980fs) results 
in diminished LPS responsiveness. 22 The functional phe- 
notype of the 2 missense mutations in N0D2 (R675W 
and G881R) and the additional 27 rare mutations with 
respect to LPS responsiveness is not clear but may result 
in other defects in innate immunity. 24 Although all 3 
allelic variants were independently associated with CD 
(Table 3), carriage of the truncation mutation of N0D2 
was most strongly correlated with fibrostenosing disease. 
One model to reconcile diminished LPS responsiveness 
with N0D2 mutations and the pathogenesis of CD is a 
defective response to pathogenic or commensal organ- 
isms resulting in a chronic infection or an aberrant 
immune response. Because N0D2 is an intracellular pro- 
tein primarily expressed by monocytes, mutations in 
N0D2 may predispose the susceptible host to a chronic 
infection with an intracellular pathogen. 49,50 Given the 
diversity of microbes in the gut, it is also possible that 
N0D2 variants may increase proinflammatory responses 
to specific bacteria or bacterial products other than LPS. 
Because we have described an association between fibro- 
stenosing disease and N0D2 variants, we hypothesize 
that the immune response distal to a mutation in N0D2 
shifts T cells toward transforming growth factor f$ cyto- 
kine production and increases collagen deposition by 
smooth muscle cells and fibroblasts in the intestine. At 
present, little other than surgical strategies can be offered 
to patients with fibrostenosing complications of CD. The 
results of our studies permit basic and translationai re- 
searchers to identify links between N0D2 and stricturing 
CD that may improve therapy for this group of patients. 
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